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Introduction
When a mirror is placed near a fluorescing molecule, both the angular distribution and the decay time of the fluorescence are affected. This occurs because part of the emitted light wave is reflected by the metal or dielectric mirror and interferes with the non-reflected part [1] . This also may result in changes in the non-radiative decay rate of the fluorescence due to the fact that the excited molecules may lose energy to the interface via non-radiative energy transfer. The rate of spontaneous emission is proportional to the local photonic density of states (PDOS), according to Fermi's golden rule. The photonic density of states in a material can be modified due to the interference of emitted and reflected waves [2] . In the case of destructive interference, the environment does not support emission, and the PDOS is low. Non-radiative decay can be modified due to dipole-image interaction and excitation of the surface-plasmon polaritons or wave-guiding modes [2] . The modification of spontaneous emission with a planar interface is of the same origin as that suggested by Purcell, who pointed out that the PDOS and consequently the radiative decay rate can be changed in a cavity-emitter hybrid system [3] . After the pioneering experiments by Drexhage and co-authors summarized in [1] , a large number of theoretical and experimental studies on the modification of spontaneous emission have been performed. The inherent limitations of molecular fluorescence detection due to quantum yield, auto-fluorescence, and photostability have led to the development of PDOS engineering that uses metal-dielectric interfaces [2, 4] , metal-film interfaces [5] [6] [7] [8] [9] [10] , nanostructures [11] , and particles [12] .
It follows from the surface-plasmon polariton (SPP) dispersion relation that the wavevector component along the interface is always larger than the wavevector of light in free space for a given energy [13] . Consequently, this means that the excitation of SPPs by light on a planar interface is only possible if a wavevector component of the exciting light can be increased over the free space value. Fluorescence studies typically employ the conceptually simplest way to excite an SPP by placing fluorophores, embedded in a solid or liquid matrix with a refractive index more than unity, in the vicinity of the interface [14, 15] . Surface plasmon-coupled emission from the fluorophores then results in an angular distribution of photoluminescence that is directional [5] [6] [7] [8] [9] [10] .
The emission rate can be considerably altered for a point dipole placed inside a hyperbolic metamaterial (HMM) with = diag( x ; y ; z ), where x = y < 0 and z > 0, due to the large expected density of states [16] [17] [18] . The dispersion relation becomes hyperbolic in the case of different signs of the permittivity components (here the wavevector is always selected to be in the xz plane). This type of metamaterials has been previously considered for various applications [19, 20] . Such materials can be obtained by creating a multilayer, metal-dielectric composite [21] or a nanorod array structure [22] . The theory [16] [17] [18] predicts that the photonics density of states can be much larger for fluorophores in the vicinity of HMM relative to conventional materials. The Purcell factor, which is the ratio of the radiative decay rate of the molecules with HMM and in the free space, is also predicted to be much higher for HMM and spectrally broadband [16] [17] [18] . However this theory does not take into account effect of the nonradiative decay rate and the existing experiments on fluorophores with HMMs did not include measurements of the radiative decay rate [21, 22] . We will show below that the effect of HMM on the nonradiative rate is quite strong and cannot be neglected for conclusive results.
Indeed, similar to SPP, the limiting factor of the radiative decay is in the out-coupling of the HMM modes to the low PDOS of free space [4] . The PDOS in an SPP mode can be quite high, mostly due to the low group velocity, and thus Purcell factors of about 10 3 are realistic. However, the use of an SPP mode does not necessarily help to overcome the problem of the low free-space density of states. Since the radiation modes near a metal surface are different than those of free space (the radiation modes must be orthogonal to the SPP modes), radiative coupling into the radiation mode must compete with the non-radiative mode of the SPP itself [4] .
In this work, we have studied the modification of spontaneous emission from a fluorophore placed in the vicinity of a hyperbolic metamaterial. As it is mentioned above the most interesting aspect of such metamaterials is the broad spectral range in which hyperbolic dispersion exists. In initial studies, researchers reported changes in the overall lifetime of a molecule's excited state near the surface of HMMs [21] [22] [23] . However, to clearly demonstrate the effect of HMMs on molecules, the radiative decay rate should be measured separately, which was not done in [21] [22] [23] . In this work, we demonstrate an increase in the radiative decay rate for a rhodamine 800 dye layer placed in the vicinity of an HMM structure by measuring the apparent quantum yield, absorption, emission, reflection, and lifetime of the dye molecules. We also compare the radiative decay rate with control samples that are similar to those used in classic experiments, namely thin and thick gold films. We also study the effect of the distance between the dye molecules and various kinds of substrates. Finally, we show that both our gold-film control samples as well as our experimental samples can be theoretically considered as having an effective layer with hyperbolic dispersion. Intuitively, this result follows from the close similarity between the permittivities of an HMM and the . All the samples can also support directional emission as a result of the excitation of an SPP at the metal-film interfaces. In fact, any layer containing a metaldielectric can be effectively represented by a layer with hyperbolic dispersion, as we demonstrate below.
Experiment

Sample fabrication
Our multilayer HMM samples consisted of 16 stacked layers of gold (Au) and alumina (Al 2 O 3 ) on a glass substrate, as shown in Fig. 1(a) . The alternating gold and alumina layers were deposited sequentially using an electron-beam vacuum evaporator. The layer thicknesses are each 19 nm, which is deeply subwavelength for our experiments. The layer has a refractive index of 1.61 at a wavelength of 633 nm, as determined by ellipsometry. After the deposition of the eight gold and eight alumina layers, the total thickness of the HMM was 302 nm. On top of the uppermost gold layer, a very thin dielectric spacer layer composed of epoxy (SU-8 2000.2 or SU-8 2000.5 at 9.4% weight diluted with SU-8 2000 thinner) was spin coated. Two substrates for each sample type were fabricated with different spacer layers thicknesses of d h = 21 ± 3 nm and up h = 89 ± 5 nm, as determined by atomic force microscopy (AFM, Dimension 3100, Veeco) and surface profilometry (Alpha-Step IQ, KLATencor). The thickness of the epoxy layer was controlled by the dilution ratio between the SU-8 2000.2 and the SU-8 2000 thinner and the spin speed. The epoxy layer had a refractive index of 1.52 at 633 nm, which is similar to that of alumina. Finally, a 21-nm dye thin film of epoxy mixed with rhodamine 800 (Rh800) at a 100 M concentration was spin coated on top of the spacer layer, as shown in Fig. 1(b) . For comparison purposes, two control samples were also fabricated; these consisted of thick (300 nm) and thin (20 nm) gold layers, respectively. In addition, a reference dye thin film was prepared on a bare glass substrate.
Choice of spacer and thin dye layers
The thickness of the thin dye/epoxy layer was carefully controlled by the spin speed and the dilution ratio. The rough thickness was determined by the ratio between SU-8 2000.2 or 2 to SU-8 thinner was usually sufficient. When a ratio higher than 1:5 was used, the epoxy molecular weight was too low, and the resultant film exhibited a refractive index that was different from a normal epoxy film. Fine control over the layer thickness was obtained by controlling the spin speed. The spin speed was limited to no more than 5000 rpm, and hence the minimum achievable film thickness by diluting and using the maximum spin speed was 21 nm. With this method, we were able to vary the thickness in steps of 5 to 10 nm with only a 10% error. Overall, the thickness of the spacer layer in the range of 21 nm to 89 nm was chosen. A heating process was required after spin coating the epoxy and dye-epoxy solution in order to remove the residual solution and solidify the film.
The dye concentration in the thin film affects the dye/epoxy film parameters. Previous studies have shown that the lifetime and quantum efficiency of fluorophores depend on the molecular concentration and are usually higher in lower molecular concentrations [24] [25] [26] . At high concentrations above 10 2 M, the fluorescence lifetime in solution is rapidly reduced due to quenching processes such as concentration quenching and fast non-radiative de-excitation channels. At low concentrations, the fluorescence lifetime is independent of concentration [25] . In thin films of rhodamine 800 embedded in an epoxy matrix, the quantum yield of the dye gradually increases with decreasing concentration, as shown in Table 1 . In our experiments, we chose a 100 μM concentration to avoid concentration quenching and to obtain better performance with a higher quantum yield. Additionally, the experimental parameters such as heating temperature and time, laser exposure time, and power also affected the properties of the dye thin film. Therefore, the experimental conditions for all samples and measurements in our studies were carefully adjusted.
Retrieval of effective optical parameters
As mentioned above, all the samples containing a metal-dielectric interface can be considered to have an effective layer that is anisotropic with hyperbolic dispersion. The dispersion relations for the effective permittivities of our samples are shown in the Appendix and Table 2 for an excitation wavelength of 633 nm and a luminescence wavelength of 720 nm. To retrieve these optical parameters, we first simulated layered structures similar to the fabricated samples and compared the experimental and simulated reflection spectra for six metalcontaining samples including thick Au films, thin Au films, and the multilayer structure. The only differences between the simulated structures and the experimental samples were fine adjustments of the layer thicknesses due to the discretization of the simulation domain. The experimental reflection spectra and our simulation results are shown in Fig. 2(a) -Fig. 2(c) . Second, we simulated the transmission and reflection spectra at different angles for the fabricated structures. Finally, these spectra were fitted with model structures containing effective layers as shown in the Appendix. The simulations for the experimental and the effective, stratified, planar structures were performed with ellipsometry software (W-VASE, J. A. Woollam Co., Inc.) that is based on a 4x4 scattering-matrix method for solving Maxwell's Eq [27] . For the model-layer dispersion calculations, the Rytov effective medium theory is employed [28] . The effective parameters for a multilayer, periodic structure with a period d = b + a and containing both a metal (with permittivity 2 and permeability μ 2 ) and a dielectric ( 1 , μ 1 ) are given below. In the case of light propagating perpendicular to the layers, the effective permittivity (xcomponent) and permeability are [28]: 
Corrections are of the order of (kd) 2 in this case. Note that the Rytov correction for the perpendicular propagation describes a magnetic response on the order of (kd). Details of the model parameters including the fitting thicknesses a and b can be found in the Appendix. We note that all the samples are hyperbolic, as shown in Table 2 . The differences between the samples are in the hyperbolic layer thicknesses and in their compositions, particularly in the case of the thick Au film, since the interface layer occupies a comparatively smaller volume. It is worth mentioning that the introduction of average fields and effective parameters makes sense if 1, kd n where n is the effective refractive index. This condition is fulfilled for 35 nm d for our samples. We also note that the effective parameters here just illustrate the tendencies in the films and cannot completely describe the system. That is the reason why both the transmission and reflection spectra can be fitted only for effective-layer thicknesses that are 10-20% lower than the experimental values. It was shown previously [29, 30] that increasing the number of layers at the same thickness brings the results for the multilayer structure closer and closer to those of a homogeneous sample. The Rytov theory is further developed in [31] by introducing additional effective parameters for the excess surface currents. In applying this approach, however, we must still fulfill the subwavelength condition above. The experimental design in our case has an intermediate period that is comparable to the wavelength in material. To simplify our further discussions, we have included the reflection and transmission values for the p polarization at two wavelengths of interest in Table 3 and in more detail spectra in the Appendix.
Optical Detection
We measured the fluorescence spectra of our samples with a 633-nm excitation wavelength and a power of 0.53 W. The spectra were collected using two objectives (50x, NA 0.75 or 50x, NA 0.45) and a spectrometer (Renishaw). The power transmission and reflection spectra of dye thin films on the HMM substrates, the gold substrates, and the bare glass substrates were recorded at room temperature with a commercial UV-Vis-NIR spectrophotometer (Lambda 950, Perkin Elmer). For quantum yield measurements, the dye film absorption spectrum has to be collected while excluding the structure's absorption. Therefore, an identical pair of substrates was prepared for all samples except for the existence of dye molecules in the top layer for one sample in the pair (see Fig. 3 ). The dye absorption spectra are shown in Fig. 4 . The absorption spectra are calculated from the transmission (T) and reflection (R) spectra as A = 1-(T + R). The dye absorption is obtained then by subtracting the absorption of the twin sample without dye. Lifetime measurements were performed with a time-correlated single-photon counting board (Timeharp 200, Picoquant) for data acquisition and a single-photon avalanche diode (SPAD) as a detector. The dye thin film was excited by a pulsed diode laser with a pulse duration of 88 ps, a wavelength of 635 nm, and a repetition rate of 20 MHz. A light beam carrying 0.28 μW of power was focused onto the sample using an objective lens (50x, NA 0.75, Olympus). The fluorescence light emitted by the dye was collected with the same objective lens. The excitation light was blocked by a dichroic mirror and a long-pass filter to reject any remaining scattered laser light. The fluorescence light passed through a small aperture to enable confocal detection and was directed to the small detection area of the SPAD (SPCM-AQR-13, Perkin Elmer). The intensity decay curves were de-convolved from the instrument response function (IRF) and then fitted by a mono-or multi-exponential decay function.
Results and analysis
Different environments near the dye molecules strongly influence the absorption and fluorescence spectra as well as internal molecular properties such as quantum yield, radiative and non-radiative decay rates. We investigated these effects for all samples and with two different spacer thicknesses of 21 and 89 nm. The changes in the absorption spectra are clearly seen in Fig. 4 . Table 4 shows the absorption and lifetime results for both spacer thicknesses and for each type of sample. At the 89-nm spacer thickness, absorption is enhanced approximately 8 times for both thick and thin gold substrates and about 5.5 times for the HMM substrate, compared to the bare glass substrate. For the 21-nm spacer layer samples, the enhancements are about 3.5 for the gold and 2.5 for the HMM substrates.
Changes in molecular absorption near a metallic surface have been observed for plasmonic nanostructure in previous studies [32] [33] [34] . It was also observed that the enhanced absorption can directly result in surface-enhanced luminescence phenomena, such as metalenhanced fluorescence [14, 15, 33] and metal-enhanced phosphorescence [34] . Figure 5 shows the photolumineescence (PL) spectra our samples for both spacer layers. As shown in Fig. 5 , the PL signal for the 89-nm spacer layer is about 9.3 times stronger for both the HMM and the thick gold substrates (compared to the bare glass substrate), while the thin gold film provides about 6.4 times enhancement. These PL enhancement values are different from the absorption values in that the highest absorption values are observed in the thick and thin gold substrates (see Table 4 ) rather than in the HMM sample. The highest PL enhancements are obtained for the multilayer HMM and the thick gold sample, but the strongest absorption appears in the thick and thin gold samples. This indicates that the dye molecules on the HMM sample are more efficiently radiative with less absorption than on other control samples. r r n r Q (6) Here, r is the radiative decay rate, k nr is the non-radiative decay rate, is the excited state lifetime, and is the total decay rate. Equation (6) states that an increase in the ratio of the radiative and non-radiative decay rates will result in an increase of the quantum yield. Direct measurements of both the lifetime and the quantum yield changes are necessary for conclusive results on the radiative decay rate. The quantum yield is simply the ratio of the emitted to the absorbed photons. By using the reference method, the quantum yield can be experimentally obtained through absorption and fluorescence measurements for the samples under study relative to the corresponding dye/epoxy reference sample (see Eq. (5) Table 5 ). Note that the dye emission directed oppositely to the detection direction can be approximately taken into account through the transmission parameter (1 + T). The use of the transmission-parameter estimate provides a good agreement with emission simulations for thin gold films about 20 nm thick and bare glass substrates [6, 7] . Since the apparent quantum yields of the dye molecules on glass substrates were directly measured (see Table 1 ) to be 0.138 at a 100-uM concentration, in Table 6 we directly evaluate the radiative decay rates, the non-radiative decay rates, and the ratios of these values to those of the reference (glass) substrates. We also calculate these values and the apparent quantum yields using Eq. (5) and Eq. (6) for the sample substrates (see Table 6 ). The enhancements of the PL intensity measured using two objectives with NA = 0.45 or NA = 0.75 are approximately equal, which means that the central part of the angular PL distribution does not change much for our samples relative to the glass substrate. Note that the objectives do not collect the sharp peaks in the pattern occurring at the critical angle for bare glass and at the surface-plasmon angle for metal-coated glass. The peak at the critical angle can be collected with an objective of numerical aperture 1 2 1
.
NA n
The surface-plasmon peak will be collected if Re( ) for a surface plasmon to exist at the 1-2 interface. Typically the NA should be greater than 1.4 to collect these peaks [6] . Note that the total dye-emitted power for the reference glass (and for the thin gold film as well) is estimated from our measurements and the literature data for a collection ratio from both sides of the substrate. For the highly reflective samples, however, since the SPP peak is typically out the range of the collection objective, our data for the apparent radiative decay rates and quantum yields represent a lower bound. 
Discussion
From the results above, we clearly see that the HMM substrates provide a more efficient radiative mechanism than the other control samples, as confirmed by all the representative data such as the radiative decay rates and the quantum efficiencies. Several optical phenomena occur at metal surfaces, with each being important at a particular range of distances between the fluorophore and the interface. At distances longer than visible wavelengths, interference between the propagating, emitted light and its reflection dominates. At the intermediate ranges studied here, the evanescent near field of the dipole excites propagating surface plasmons, and a partial transfer of energy into heat occurs due to losses in metal. At very close ranges, the energy transfer into electron-hole pairs may become significant.
Interestingly, all of our samples show a decrease in the dye absorption for the thin spacer thickness d h relative to the thick one up h by the same factor of about 2.6-2.7, which indicates that the same mechanism is involved in the absorption enhancement for all the thin-spacer samples. Our analysis shows that this is a result of interference of the incident and reflected fields. Indeed, the absorption power for a molecule under light incident with a field amplitude of E is [13] : 2 2 Im Im , 2 6
where n is the unit vector in the direction of dipole , is the light frequency, is the molecule polarizability, and the orientational average is used to account for the isotropic angular distribution of the dipoles. Thus, the absorption ratio for a dye layer at a distance up h to that at d h with a wavevector 1 k directed normal to the interface can be written as:
The amplitude reflection coefficient r is given by respectively. The sign convention of the field phase factor is exp ( ) i kz t , and is the phase shift of the reflected field. The phase shift can be calculated from the known refractive indices:
The phase shift is selected to be in the third quadrant due to the fact that both Re( ) r and Im( ) r are negative. We calculate that 2.34 for the 300-nm Au film and 2.08 HMM for the multilayer sample. Thus, we observe a reasonable correspondence for the Au film:
(90 ) (20 ) 2.34 0.3 abs abs P nm P nm versus 2.7 for the experimental ratio. It confirms that the changes in absorption can be explained by the interference of the incident and reflected waves. Another observation is that the ratio (9) for the HMM sample is about1.65 0.2 , compared to 2.6 from the experiments, which indicates a poor agreement between the effective parameters of the HMM and 8-period multilayer structure. The same conclusion can be made from the calculated absorption ratio between the thick gold and multilayer samples: 300 (90 ) (90 ) 1.06
Au HMM abs abs P n m P n m , which is less than the experimental value of 1.45. This poor agreement gives an additional, quantitative confirmation that the effective-medium description is not sufficiently accurate in terms of the phase shift of the reflected wave. This is really no surprise, since the geometrical penetration depth calculated from the effective parameters is 2 4 20nm L and is less than the period of the multilayer structure.
The changes in the PL intensity require a more complicated analysis. The energy dissipation rate is defined through the total dipole field at the dipole origin. This field is a sum of the primary dipole field and the field reflected from the planar structure [13] : E r (13) The power spectra presented in Fig. 6 are calculated as follows [37]: However, the total dissipated power is about the same for all samples. Thus the key difference in the effect of the substrate on the luminescence properties of the dye molecules arises from the ratio between the radiative and non-radiative parts of the dissipated power. The total decay rates obtained from our lifetime measurements as well as the radiative and non-radiative decay rates are compared in Table 6 . This shows directly that both the radiative decay rates and the non-radiative decay rates are influenced by the external environment.
From Table 6 we see that the radiative decay rate near the HMM is improved over that of the thin gold sample, while the total decay rate is higher for the thin gold film relative to the HMM sample. This observation confirms that it is quite easy to obtain erroneous conclusions on radiative decay near a HMM if the analysis is based only on lifetime measurements. Purcell factors, which show the enhancement of the spontaneous emission rate relative to that of free space (in our case this is in a methanol solution), are suggested by the data in Table 6 . Our maximum changes in the radiative decay rates relative to Rh800 in methanol are about 1.2 for dye molecules on glass, 1.35 for thin gold films, 1.73 for thick gold, and 2.7 for multilayer HMM samples. If we consider only the total decay rate as it was done in [21-23, 37], we would not observe this latent effect. Indeed, the total decay rate ratios are about 0.75 for glass, about 1 for thin gold films, 0.9 for thick gold films, and 1 for multilayer HMM samples. Moreover, the non-radiative decay rates also change for metal-containing samples, which in turn provide changes in the apparent quantum yield.
The overall increase in the quantum yield for thick gold is about 2.3, while for the multilayer HMM the increase is 3.5, according to our data in Table 6 . In addition, the distance dependence of the effects of the HMM sample is also shown in Table 6 . This dependence is qualitatively similar to the classic samples, namely the thick and thin gold films, according to the literature data and our measurements. For the smaller spacer distance, the radiative decay rates are lower for all the samples compared to the dye-on-glass reference sample, while the non-radiative rates are higher. This makes the quantum yield strongly reduced for the 21-nm spacer case. We must recall the mechanisms of the decay process in order to understand the reason for this distance dependence. The probability of radiative and non-radiative decay of the excited molecules depends on the details of the system [2, 38] . Changes in the PDOS act to alter the radiative decay, and in addition the probability of non-radiative decay can be also changed. We have considered changes in the PDOS due to planar interfaces that mimic the experimental conditions. The coupling between the emitter and surface-plasmon polariton modes at the metal-dielectric interface increases the wavevector relative to that in free space. This makes such a mode non-radiative.
For the thin-metal sample, SPP modes can be supported at both metal-dielectric interfaces. One of these modes is an asymmetric, leaky mode that provides out-coupling of the SPP into far-field radiation [2, 5, 10, 31, 38] . The coupling between the emitters and the waveguided modes at the appropriate spacer thicknesses can sustain leaky modes if the normalized inplane wavevector less than 1 2 , or about 0.65 for our spacer material with a dielectric constant of about 2.5. The interference of the emitted and interface reflected waves results in the PDOS changes [1] . Those experiments showed, in particular, that if the dye layer is less than / 4 from the metal surface, a strong distance-dependent quenching sets in. It is a common belief that the energy transfer from the excited molecules is due to electron-hole pair excitations in the metal, which is a dipole-dipole interaction in nature [2] . There are three quenching mechanisms that differ in the source of the momentum required to ensure momentum conservation. The extra momentum contributions are due to impurities and phonons in the bulk; due to scattering from the surface potential at the interface; and due to the high-wavevector components in the near field that can provide momentum conservation directly for molecules very close to the surface. If the wavelength is comparable to the characteristic length, which is in this case the mean free path of the electrons, then nonlocal effects should be taken into account as well.
The most attractive property of the hyperbolic metamaterials is the broadband and strongly enhanced Purcell factor for the fluorophore spontaneous emission. The value of the enhancement is theoretically limited only by losses [16] or finite period to wavelength ratio [16, 30] . It was shown also that the finite size of the emitter distribution can limit the HMM density of states even at zero losses [39] . Our experiments and analysis show that the main limiting factor is the effect of metamaterials on the nonradiative decay rate, which was not considered in the existing theories.
Conclusions
In conclusion, we have observed a significant increase in the radiative decay rate of dye molecules by placing them near a hyperbolic metamaterial surface relative to several control samples including thick and thin metal films that are widely studied in the literature. The described experiments determine the modification of the radiative decay, as opposed to the previous approaches which studied only changes to the total decay rate. Our experimental results show that hyperbolic multilayer metamaterials behave qualitatively similar to the metal-film samples. What is more important is that the multilayer design enables a quantitative improvement in the radiative luminescence decay. This is the first experimental verification of radiative decay rate enhancement near a multilayer hyperbolic metamaterial. This observation may form the basis of new techniques in improving the PDOS by engineering HMMs. Figure 8 shows the spectra of the complex permittivities, and Fig. 11 shows the reflection and transmission spectra. Figure 9 shows the spectra of the complex permittivities, and Fig. 12 shows the reflection and transmission spectra. The spectra in Figs. 10-12 below are calculated with the fitted parameters of the models as noted above and compared with the experimental reflection spectra and simulated transmission spectra using the as-fabricated design and the bulk permittivities of the components. 
